INTRODUCTION
Traumatic axonal injury (TAI) is a hallmark of traumatic brain injury (TBI), and may be a leading cause of cognitive impairment and disability following head injury [1] . Few methods exist for detecting TAI, with a positive diagnosis usually taking place post-mortem following histological analysis for accumulated amyloid precursor protein (APP), an integral membrane protein that is normally transported along the length of the axon [2] [3] [4] .
Increasingly, diffusion tensor imaging (DTI) has been used as a non-invasive method for detecting TAI in vivo [5] . DTI measures the directional diffusion of water. In white matter, this diffusion is restricted by the orientation of axon bundles. In regions such as the corpus callosum, this means water preferentially diffuses along a single axis and is said to have high anisotropy [6] . When white matter is injured, as in traumatic brain injury, the characteristic diffusion of water is altered.
We have previously validated DTI signal changes after TBI with histology for APP-positive injured axons. In these studies, which used a mouse model of moderate-severe TBI, areas with reduced relative anisotropy and axial diffusivity were shown to contain greater numbers of APPpositive swellings [7, 8] . However, from these studies and others, it is not clear whether DTI is sensitive to mild injuries without contusion where the mechanisms of axonal injury may be different.
Recently, our group developed a model of mild repetitive closed-skull TBI (rcTBI) in mouse to study the pathological changes underlying concussion. In this model, young male mice are subject to two concussive impacts within a 24-hour period. Interestingly, only sparse APPpositive axons were visible following injury, though axonal degeneration was evident by both silver staining and electron microscopy and coincided with a prominent microglial response and clear deficits in spatial learning and memory [9] .
As DTI is a quantitative method for assessing the integrity of white matter regions, we sought to apply this technique to this mild repetitive closed-skull TBI model to determine if APP-negative axonal injury results in detectable DTI changes 24 hours and 7 days after impact. Results from these experiments have important implications for the use and interpretation of DTI following mild TBI.
MATERIALS AND METHODS Animals
Six-to eight-week C57bl/6j mice were purchased from Jackson Laboratories and housed in standard cages under a 12-hour light/dark cycle with approval from the Animal Studies Committee at Washington University in Saint Louis. Repetitive closed-skull injury was performed as described previously [9] . Briefly, mice were anesthetized with inhaled isofluorane and placed in a stereotaxic frame. A midline incision was made to expose the skull and the 9 mm rubber impactor tip was aligned with Bregma. The tip was then moved to the location of the impact (A/P: -1.8 mm, M/L: -3.0 mm) and an electromagnetic impactor (My NeuroLabs) was used to drive an impact to a depth of 3.3 mm. Body temperature was closely monitored and maintained throughout the procedure. Following the impact, the incision was sutured closed, antibiotic ointment was applied, and mice were allowed to recover on a heat pad before returning to their cage. Sham-operated mice received the same treatment but an impact was not delivered. This procedure was repeated at 24 hours for a total of two impacts per mouse. Mice in the 24 hour scan group were immediately taken for DTI after the second impact.
Diffusion Tensor Magnetic Resonance Imaging All scans were performed using a previously published method [8] . Mice were anesthetized with isofluorane maintained at 1% throughout the duration of the scan while circulating warm water preserved a constant body temperature. Images were acquired with a 4.7T scanner (Oxford Instruments 330) and actively shielded gradient coil (180 mT/m, 400 ms rise time) interfaced with a Varian Unity-INOVA console controlled by Sun Microsystems Ultra-60 Sparc workstation. The following acquisition parameters were used: TR= 3s, TE= 40ms, and FOV/Resolution 20 x 20 mm / 192 x 192. Voxel size during acquisition was 104 µm X 104 µm X 0.5 mm (zero padded to 256 x 256). A multislice spin-echo sequence was modified to include a StejskalTanner gradient-sensitizing pair in order to acquire coronal diffusion weighted images. Diffusion gradients were applied in six directions plus B 0 . Each scan required approximately 3 hours. Software written in Matlab (Mathworks, Natick, MA) was used to calculate the six elements of the diffusion tensor and to determine relative anisotropy (RA; overall measure of the asymmetry of diffusion), axial diffusivity (AD, λ 1 ; diffusion along a primary direction), radial diffusivity (RD, λ ┴ ; diffusion perpendicular to the primary direction), and mean diffusivity (MD).
Diffusion Tensor Imaging Analysis
Imaging analysis was performed using Image J. The sync windows plugin was used to trace the region on interest (ROI) on RA, AD, RD, and MD images simultaneously. The ROI was carefully defined by anatomical boundaries with the anterior-most boundary being the first section containing hippocampus and the posterior boundary being the last section where the corpus callosum crosses at midline. Corpus callosum and external capsule ipsilateral to midline were included in the ROI with the ventral boundary being drawn at the boundary between the hippocampus and thalamus (Fig. 1 A) . This resulted in a total of 3 slices per mouse. Signal intensity within the ROI was measured across slices and weighted by the number of voxels in each sketched region to obtain RA, AD, RD, and MD measures.
Histology
Immediately following each scan, mice were sacrificed by isofluorane overdose, perfused with 0.3% heparin phosphate-buffered saline (PBS), and brains were removed and placed in 4% paraformaldehyde (PFA) for 24 hours. After fixation, brains were equilibrated in 30% sucrose PBS and cut into 50 µm-thick sections using a freezing microtome. Sections were then either rinsed in PBS and stored in 4% PFA for 5 days for silver staining or underwent processing for Iba-1 immunohistochemistry. Evaluation was conducted on sections taken at 400 µm intervals along the anterior-posterior axis of the brain. For silver staining, a Neurosilver Kit (FD Neurotech) was used according to the manufacturer's instructions with the exception of a single two-minute incubation with solution C as previously described [9] . For APP and Iba-1 staining, endogenous peroxidases were quenched with 0.03% H 2 O 2 , blocked in 3% normal goat serum in 0.25% Triton-X tris-buffered saline (TBS-X), and incubated overnight in 1:1000 rabbit anti-Iba-1 (Wako) or 1:1000 rabbit anti-APP (Invitrogen) in 3% normal goat serum (NGS) TBS-X. Antibody binding was visualized using 1:1000 goat anti-rabbit (Vector Laboratories) in TBS-X, followed by 1:400 AB complex (Vector Laboratories), and DAB substrate enhanced with nickel chloride (Sigma). All sections were mounted onto slides and digitally scanned using an Olympus Nanozoomer Whole-Slide Imaging System to generate photomicrographs.
Iba-1 stereology and silver stain quantification in corpus callosum was performed as published in Shitaka et al [9] . In short, ROI parameters were the same as used for DTI analysis. Image J was used to measure silver staining by densitometry. The optical fractionator probe in StereoInvestigator (Microbrightfield) was employed to count the number of Iba-1-positive cells. A grid size of 180 x 180 µm and counting frame of 80 x 80 µm ensured that the Gunderson's coefficient of error was <0.1 for all counts.
Statistical Methods Prism 5.0 (GraphPad) was used for statistical analysis. All DTI data were analyzed by one-way ANOVA followed by Bonferroni's multiple comparisons test. In one animal sacrificed at 24 hours, a small hemorrhage was detected by histology in the white matter. This potential outlier was included in the statistical analysis and noted with a unique symbol in Figure 1 . For histology, a one-tailed t test was performed as it was expected that silver staining and Iba-1 positive cells would increase following injury as previously published [9] . Linear regression and Pearson's product moment correlation was performed to determine the relationship between DTI and histological measures. RESULTS DTI of mouse corpus callosum and external capsule Separate cohorts of mice were scanned using DTI 7 days after sham treatment or 24 hours or 7 days after the first closed-skull traumatic brain injury ( Fig. 1 A-F) . At 24 hours after injury, there were no significant changes in DTI measurements compared to shams, though there was a trend towards reduced relative anisotropy and increased radial and mean diffusivity (Fig.1 C, E) . These alterations could indicate that some edema is present within the corpus callosum acutely following injury, as has been reported in more severe models of traumatic brain injury [7] . At 7 days, a statistically significant decrease in axial diffusivity was apparent compared to shams (p<0.05) and injured mice at 24 hours (p<0.01; Fig. 1 D) . Decreased mean diffusivity, was also evident compared to sham (p<0.05) and injured mice at 24 hours (p<0.001; Fig. 1 F) . Similar to mice injured immediately after injury, at 7 days, there was a trend towards reduced relative anisotropy (Fig.1 C) .
Histolological findings
Immediately following DTI scans, mice in the sham and injured cohorts were sacrificed and tissue was processed for APP, Iba-1, and silver staining. As previously reported [9] , only occasional APP-positive swellings were detectable in injured mice and were virtually indistinguishable from shams with this marker (Fig. 2 A-D) . Quantification of Iba-1 and silver staining revealed levels similar to those observed in Shitaka et al [9] in both sham and 7 day injured mice (Fig. 3 A-D) . This indicates that the additional 3 hours of anesthesia during the MRI scan does not appear to substantially affect these histological markers. Mice sacrificed at the 24 hour timepoint did not have Iba-1 or silver stain abnormalities, as previously reported [9] , and were not included in the stereological analysis.
Interestingly, the density of silver staining in the corpus callosum and external capsule correlated strongly with relative anisotropy (r 
DISCUSSION
Here we present findings that mild repetitive closed-skull injuries in mice result in detectable changes by DTI. Importantly, these DTI abnormalities are present despite of a lack of APPpositive histology, which has been considered a "gold standard" for identifying traumatic axonal injury. Previous studies from our group have shown that the numbers of APP-positive axonal varicosities correlate strongly with RA in a model of moderate-severe traumatic brain injury [8] .
In this work, we show RA correlates just as strongly with the degree of silver staining in the corpus callosum of mildly injured mice.
Both axial diffusivity and mean diffusivity have been widely used to assess axonal degeneration in the central nervous system [10] . In our model both of these parameters were reduced in the injured 7 day group compared to shams. Notably, neither silver stain, a marker of protein aggregates, nor Iba-1-positive microglial cells correlated well with AD and MD changes. While both protein aggregation and microglial pathology may have contributed to some of the reduced diffusivity, weak correlations between these measures indicate other histological markers are needed that better reflect AD and MD changes. In addition, because Iba-1 did not correlate well with any DTI parameter, it is important to note that this method may not be suitable to resolving microgliosis. Other imaging modalities may therefore be required to detect this prominent microglial response in vivo [11, 12] .
Given the coincident decrease in axial diffusivity and mean diffusivity, it is interesting that no significant changes in RA were seen. This is different from TBI with contusion, where AD is reduced, overall diffusivity is unchanged or increased, and subsequently, RA is reduced [8] . In this model, it is possible that a larger sample size may resolve the trend towards reduced RA. Alternately this could indicate that in mild injuries, analysis of single components of the diffusion tensor may be more sensitive than RA.
Increased radial diffusivity is another common feature of DTI in TBI and in other models with prominent demyelination or edema [7, 13, 14] . We observed no significant change in this parameter in our model, which is in line with previous observations by electron microscopy that revealed myelin degradation is not characteristic of this mild injury [9] .
These results also highlight the evolving nature of traumatic brain injuries, as the DTI changes were not immediately apparent at 24 hours but were distinct 7 days following injury. Similarly, earlier characterization of this model has shown that Iba-1 and silver stain abnormalities also develop 3-7 days after injury. Thus, it is likely that DTI measurements are reflective of a progressive degenerative process taking place within the corpus callosum and external capsule of these injured mice. Clinically, this may also mean that DTI days or weeks after mild head injury may be more informative for detecting and diagnosing axonal injury. However, given our observed alterations in AD and MD were approximately 10%, it is unclear whether these changes would be significant within a human population where normal white matter diffusion may vary greatly between subjects. This may be one explanation why DTI in human mild TBI patients has resulted in conflicting reports of the observed changes in DTI signal [15] [16] [17] .
There are several limitations of this work. First, sample sizes are small and to fully validate this model, larger groups will be required. However, given the small sample and the relatively mild injuries studied, it is encouraging that these DTI changes are evident and correlate with histological abnormalities. Second, this research is limited by the histological markers chosen for analysis. To fully characterize this model, markers for neurofilament, myelin, and activated astrocytes might further inform the nature of these DTI alterations. Quantitative electron microscopy may be the ultimate "gold standard" but is beyond the scope of the current work, Third, mice that received a single injury were not assessed here, and so we did not determine whether single injury alone results in DTI signal change. We have previously demonstrated that mice subject to single injuries do not have significantly more silver staining or microglial activation compared to shams at 7 days post-injury thus it is unlikely that a single impact would be detectable by DTI [9] . Fourth, the interval between injuries was kept fixed at 24 hours; further studies will be required to determine the effect of different intervals between injuries.
Despite these limitations, this study shows that DTI is capable of detecting populations of degenerating axons in the absence of APP pathology. Future studies will be required to determine the distinct DTI signatures of axonal degeneration following repeated mild injuries in order to differentiate injury phenotypes that may or may not include disrupted APP transport. Full validation of detection methods and interpretation of DTI signal changes will be important to providing meaningful evaluation and targeted therapeutics for patients with multiple concussive injuries. 
